Purpose: Neuroblastoma is a childhood tumor of the peripheral sympathetic nervous system with an often lethal outcome due to metastatic disease. Migration and epithelial-mesenchymal transitions have been implicated in metastasis but they are hardly investigated in neuroblastoma.
Introduction
Neuroblastoma is a childhood tumor with a highly variable clinical outcome, ranging from spontaneous tumor regression to progression with distant metastasis despite aggressive multimodal therapy (reviewed in ref. 1) . The tumor originates from the peripheral sympathetic nervous lineage, which is derived from the neural crest (2) . Accordingly, neuroblastoma express markers of the developing peripheral sympathetic nervous system like, for example, PHOX2B, DBH, and TH (3) . Early neural crest cells develop at the border between neural and non-neural ectoderm under the influence of Wnt, BMP, fibroblast growth factor, and Notch signaling pathways (reviewed in ref. 4) . After an epithelial-to-mesenchymal transition (EMT), neural crest cells delaminate from the neural tube and start migrating throughout the body (2) . Ultimately, migrating neural crest cells undergo a mesenchymal-to-epithelial transition and differentiate into a wide variety of cell types, depending on their final localization in the embryo. Reminiscent of the migratory phase of neuroblasts during normal development, high-stage neuroblastoma is characterized by local invasion of lymph nodes and metastasis to bone and bone marrow (5) . These tumors have a poor prognosis in contrast to low-stage neuroblastomas that are not or only locally invasive and have an excellent prognosis.
Gene expression profiling has identified a mesenchymal subtype in glioblastoma brain tumors (6, 7) . This mesenchymal state can be induced by combined expression of CAAT/enhancer-binding protein b and STAT3 transcription factors or the transcriptional coactivator, TAZ, which confers tumor-initiating and invasive phenotypes (8, 9) . Also in small cell lung cancer (SCLC), overexpression of constitutively active RAS can induce mesenchymal features in the neuroendocrine cells (10) . Thus, tumor cells of neuronal and epithelial origin can switch cell fates along an aberrant mesenchymal lineage (6, 10) . Although neuroblastoma is widely metastatic, the molecular mechanisms driving dissemination and their relationship to migration and EMT remain enigmatic. Intriguingly, breast cancer research showed an intimate relationship between stemness of cancer cells and EMT (11, 12) .
The Notch signaling pathway controls cell fate decisions in a wide variety of cell types, including the nervous system (reviewed in ref. 13) . NOTCH receptors are activated by ligands of the DELTA or JAGGED families on adjacent cells, resulting in their proteolytic cleavage and the translocation of the NOTCH intracellular domain (NOTCH-IC) into the nucleus. The NOTCH-IC forms a transcriptional activation complex with MAML proteins to drive transcription of target genes (14) .
Here, we studied migration as a functional hallmark of a mesenchymal phenotype in neuroblastoma cell lines and tumors. Gene expression profiling identified a 36-gene mRNA expression signature associated with a migratory phenotype. This migration signature identified a mesenchymal state in neuroblastoma and glioblastoma tumors, correlating with increased metastatic incidence and poor prognosis. We identify NOTCH3 as a master switch-driving expression of cell motility-and mesenchymal marker genes, resulting in strong induction of neuroblastoma cell motility. Finally, a coregulated set of NOTCH3 target genes was observed in many tumor types.
Materials and Methods

Cell culture and generation of inducible NOTCH3-IC cell lines
Cell lines were cultured in Dulbecco's modified Eagle medium (DMEM; Gibco), supplemented with 10% fetal calf serum (FCS; Gibco), 1Â nonessential amino acids (Gibco), 2 mmol/L L-glutamine (Gibco), and 10 U penicilline/10 mg streptomycine (Sigma) per mL. IMR32 cells with inducible overexpression of NOTCH3-IC were generated using the "Tet-on" expression system of Invitrogen. An IMR32-pcDNA6/TR subclone (repressing the Tet promoter) was transfected with an inducible pcDNA4/TO-NOTCH3-IC construct. Single-cell derived clones (clone 6 and clone 8) yielded IMR32 cell lines that drive expression of the NOTCH3-IC transgene in the presence of 50 ng/mL doxycycline as verified by Northern and Western blot analyses. Primary antibodies used were Notch3 (M-20, Santa Cruz Biotechnology; 1:1000 dilution; D11B8, Cell Signaling; 1:1000) and b-actin (Sigma, 1:20.000 dilution). Secondary horseradish peroxidase -conjugated anti-mouse (GE healthcare), anti-rat (GE healthcare) antibodies were incubated in 5% Non-fat Dry Milk/PBS for 1 hour at room temperature.
Gene expression profiling and analysis of microarray data
Total RNA from cultured cell lines as well as from 2 independent IMR32-TR6-NOTCH3-IC clones (clones 6 and 8) at various time-points after NOTCH3-IC induction was isolated using Trizol reagent (Invitrogen) according to the manufacturers' instructions. RNA quality of 28S and 18S ribosomal bands was verified on a BioAnalyzer (Agilent). RNA was hybridized on Affymetrix HG U133A plus2.0 gene chips and scanned data were normalized using the MASS5.0 algorithm. Expression data are stored in the R2 bioinformatics program and available from our public accessible website (http://R2.amc.nl). Bioinformatic analysis of microarray data was conducted with the R2 tool and TMeV v4.6.1 (30, 31) .
Two groups of cell lines with high (SKNAS, SJNB8, SH-EP2) and low migration indices (SKNFI, IMR32, SJNB10, NMB, CHP134, SKNSH, NGP, KCNR, TR14, LAN5, LAN1, SY5Y, SJNB6) were generated with the custom track function. Differentially expressed genes were identified by ANOVA on 2 log-transformed gene expression values in groups of cell lines with high and low migration indices using a P value cutoff of P < 0.01 and a FDR correction for multiple testing. A minimum of 1 present call was required.
After informed consent, neuroblastoma tumor biopsies were collected from a total of 88 patients before initiation of treatment. Patients are treated according to the NCOG2009 protocol. A detailed description of tumor samples, clinical annotation, mRNA isolation, and gene expression profiling will be published elsewhere (Koster and colleagues; submitted for publication). Microarray data are available from the R2 website (http://R2.amc.nl) and from Gene Expression Omnibus (accession numbers GSM414091-GSM414107).
Transwell migration assay
Thirty-thousand cells were seeded in DMEM without FCS in polycarbonate Transwell inserts with 8 mmol/L pores (Costar). One-thousand IMR32-NOTCH3-IC cells were seeded in 12-well Transwell inserts (Greiner BioOne) and allowed to migrate for 72 hours. DMEM containing 10% FCS was used as a chemo attractant. After 24 hours, nonmigrated cells were removed from the top chamber using a cotton swab. Migrated cells were washed in PBS, fixed in 50% methanol/PBS followed by 100% methanol, and stained with 0.5% crystal violet in methanol. Experiments were quantified by counting digital images (Â 200 magnification) of 4 independent and representative fields of migrated cells on a Leica inverted
Translational Relevance
Cell migration and invasion are crucial steps in the metastatic behavior of cancer cells. Aggressive neuroblastomas are characterized by distant metastases to the bone and bone marrow. In this study, we identified a group of neuroblastoma tumors with a mesenchymal gene expression profile and increased frequency of metastases. These tumors have increased expression of NOTCH pathway genes. Cell line analyses showed that NOTCH3 intracellular (NOTCH3-IC) induced a highly motile phenotype as well as strong regulation of cell motility-and mesenchymal marker genes. These analyses identify NOTCH3 as a master regulator of a migratory phenotype in vitro and prioritize this pathway for therapeutic targeting in neuroblastoma.
microscope. Experiments were carried out in triplicate and repeated at least 2 times.
Wound-healing assay
Confluent cells were wounded using a yellow pipette tip. Triplicate wounds were made, washed, and further cultured in DMEM with 0.1% FCS. Assays were repeated 3 times for each IMR32-NOTCH3-IC clone.
Time-lapse video microscopy
Sparsely seeded IMR32-NOTCH3-IC cells were induced with doxycycline for 24 hours, followed by time-lapse photo microscopy at 10-minute intervals for 24 hours. Metamorph software (Universal Imaging) was used to take phase-contrast images.
Results
Characterization of neuroblastoma cell migration
A crucial step in metastatic behavior of cancer cells is the acquisition of migratory and invasive capacity (reviewed in ref. 15 ). The molecular circuitry that controls migration in neuroblastoma is largely unknown. To characterize a migratory state in neuroblastoma, we quantified migratory capacity of neuroblastoma cell lines in a Boyden chamber migration assay in vitro. A migration index was determined for a panel of 16 neuroblastoma cell lines (Fig. 1A) . Using the average migration index of 22.5 as a cutoff, 3 cell lines migrated relatively faster as opposed to 13 other cell lines (Student t test; P < 0.001; Fig. 1A ). We hereafter refer to these cell lines as groups with high and low migration, respectively.
A 36-gene expression signature predicts cell migration Certain phenotypic characteristics of cells or tissues are associated with an underlying mRNA expression signature (e.g., refs. 16, 17) . To identify a mRNA expression signature associated with migration, we conducted gene expression profiling of the 16 neuroblastoma cell lines using Affymetrix HG U133 Plus2.0 arrays. Analysis of differentially expressed genes between the groups with high and low migration identified 37 genes, 13 upregulated and 24 downregulated in cell lines with high migration [ANOVA; P < 0.01; false discovery rate (FDR)-corrected; Fig. 1B and Supplementary Table S1 ]. We removed one gene from this signature (LOC149773), as it was not significantly expressed in a series of 88 neuroblastoma tumors (see below). Literature mining revealed an experimentally proven function in cell Research.
on April 13, 2017. © 2013 American Association for Cancer clincancerres.aacrjournals.org Downloaded from migration, invasion, and/or metastasis for 13 of the remaining 36 genes. For instance, FXYD5 (Dysadherin) promotes metastasis of liver and pancreatic cancer cells (18, 19) , and ANXA1 (Annexin A1) promotes TGFb-dependent metastasis of basal-like breast cancer cells (20) .
The robustness of the 36-gene signature was validated by predicting the migration phenotype of other cancer cell lines. We analyzed the 36-gene signature in a combined set of 14 medulloblastoma, 22 rhabdomyosarcoma, and 24 neuroblastoma cell lines, including the 16 neuroblastoma cell lines originally tested. Two-way hierarchical cluster analysis showed that cell lines SJNB1, N206, and AMC106 clustered with low migratory cell lines, whereas cell lines GI-MEN, DAOY, and RUCH2 clustered with high migratory cells (Fig. 1C) . Analysis of these 6 cell lines in Transwell migration assays confirmed a high migration index for GI-MEN, DAOY, and RUCH2, whereas SJNB1, AMC106, and N206 hardly migrated (Fig. 1D) . A scratch assay for cell migration revealed that fast migrating lines displayed efficient wound closure as opposed to slow migrating lines ( Supplementary Fig. S1 ). We conclude that the 36-gene signature correctly assigns a migratory phenotype across different tumor genetic backgrounds.
The migration signature marks metastatic neuroblastoma with mesenchymal characteristics
As high-stage neuroblastoma is widely metastasized and motility is one of the requirements for the multistep process of metastasis, we tested the migration signature in a series of 88 primary neuroblastoma tumors (AMC-NB88) and analyzed the relationship with metastasis and survival (Summary information for AMC-NB88 in Supplementary Table  S2 ; Koster and colleagues; submitted for publication). We classified the tumor series by K-means clustering in 3 groups, with a low (cluster 1), intermediate (cluster 2), and high (cluster 3) expression of the signature ( Fig. 2A and Supplementary Table S3 ). The clustering was repeated 100 times to select the clustering with the lowest distance to the mean. This process was repeated 10 times (total 10 times 100 clusterings), allowing evaluation of the consistency of the 10 outcomes. This showed that the obtained classification was robust (displayed in Fig. 2A ). The coregulated 1B and 2A). In cluster 3, all (12/12) overexpressed genes in high migration cell lines were upregulated, whereas 20 out of 24 underexpressed genes were downregulated (2-tailed Fisher exact test; P < 0.001). The 4 remaining genes were not differentially expressed in vivo (Fig. 2A) . Analysis of the clinical parameters showed that the frequency of bone and bone marrow metastasis increased from 26% in cluster 1 to 44% in cluster 2 and 60% in cluster 3 (Fig. 2B) . In contrast, the migration signature did not correlate with local invasion of the lymph nodes.
Mesenchymal transformation has been observed in glioblastoma and SCLC (6, 10) . We therefore asked whether the neuroblastoma tumors with an active migration signature have an active mesenchymal signature. Gene set enrichment analysis (GSEA) revealed that neuroblastoma tumors with the migration signature were strongly enriched for the glioblastoma mesenchymal gene expression signature (MGES; ref. 7; c 2 ; P < 0.001). Supervised cluster analysis of the neuroblastoma series for the MGES genes showed their expression to strongly correlate with the 36 genes of the migration signature (Fig. 2C) . Of note, the migration signature showed a limited overlap of only 3 genes with MGES.
Kaplan-Meier analysis showed that cluster 3 tumors with the high migration signature were associated with the poorest survival, whereas cluster 1 tumors with a low migration signature corresponded to the best survival (log-rank test; P < 0.001; Fig. 2D ). Supplementary Table  S3 shows an evenly distribution of the different neuroblastoma stages over tumors with low, intermediate, or high expression of the migration signature. Thus, characterization of a gene expression signature associated with migratory phenotype identifies a hitherto unspecified group of neuroblastoma tumors with mesenchymal gene expression characteristics, distant mestastases, and poor outcome.
The migration signature identifies a mesenchymal subtype in glioblastoma Expression profiling of glioblastoma brain tumors identified 3 molecular types: proneural, proliferating, and mesenchymal, the latter correlating with the occurrence of metastasis (6) . As a further test whether the 36-gene migration signature relates to mesenchymal characteristics, we analyzed a published series of 284 glioblastoma tumors independently derived MGES signature (ref. 7; c 2 ; P < 0.001; Fig. 3B ). This clustering in proneural, mesenchymal, and proliferating subtypes (Fig. 3A) was used for a supervised clustering of the expression levels of the 36-gene migration signature. The neuroblastoma migration signature was highly active in glioblastoma of the mesenchymal subtype (GSEA; P < 0.001; Fig. 3C) . A similar upregulation of the migration signature in glioblastoma of mesenchymal type was identified in an independent series of 395 glioblastoma tumors (ref. 7; Supplementary Fig. S2 ). We conclude that the 36-gene migration signature identifies glioblastoma tumors of mesenchymal subtype.
NOTCH3-IC induces a highly migratory phenotype in neuroblastoma cells
The identification of neuroblastoma tumors and cell lines with a mesenchymal molecular signature raised the question as to the pathways that control this state. We therefore searched for developmental pathways differentially expressed between neuroblastoma tumors with a high versus low migratory signature (cluster 3 vs. cluster 1). There were 290 genes differentially expressed (ANOVA; P < 0.01; FDR-corrected) that were classified to function in development [Gene Ontology (GO) ID 7275]. This list was enriched for genes of the NOTCH pathway as defined by Kyoto Encyclopedia of Genes and Genomes. As Notch3 is expressed in neural crest precursor cells during early mouse development (22), we analyzed whether NOTCH3 expression related to the migration signature. NOTCH3 and HES1 mRNA was upregulated in tumors with a high migration signature (Fig. 4A) , and NOTCH3-IC protein was more abundant in high migration cell lines (Supplementary Fig.  S3 ). We therefore functionally tested whether the NOTCH3 transcription factor can induce a migratory phenotype in neuroblastoma cell lines.
Neuroblastoma cell line IMR32 has a low migratory index (Fig. 1A) . We generated 2 independent clones with doxycycline-inducible expression of a NOTCH3-IC domain construct (see Materials and Methods). Induction of NOTCH3-IC expression was verified by Northern and Western blot analyses (Fig. 4B ) and resulted in approximately 170-fold increased signal of a Notch reporter construct (12xCSL-binding sites coupled to luciferase gene; Fig. 4C ). NOTCH3-IC induction resulted in a dramatic change of cell phenotype. Although wild-type IMR32 cells grew in small groups, the NOTCH3-IC-expressing cells grew more scattered and displayed lamellipodia-like outgrowths, a phenotypic hallmark of a mesenchymal state (Fig. 4D) . Time-lapse video microscopy showed that IMR32 cells overexpressing NOTCH3-IC became highly motile, in contrast to control cells (Fig. 5A and Supplementary videos S1 and S2). Also a scratch assay for cell migration showed that IMR32 cells overexpressing NOTCH3-IC migrated significantly faster into the wounded area compared with IMR32 control cells (Student t test; P ¼ 0.018; Fig. 5B ). In Transwell migration assays, NOTCH3-IC induced migration approximately 10-fold (Student t test; P < 0.001; Fig. 5C ). To confirm the function of NOTCH3-IC in migration, we introduced the doxycycline-inducible NOTCH3-IC expression vector in neuroblastoma cell line SK-N-BE (Supplementary Fig. S4A ). Like in IMR32, NOTCH3-IC induced migration of SK-N-BE cells (Supplementary Fig. S4B ). In a complementary approach, we tested whether NOTCH3 was required for the high migration phenotype in SH-EP2. Isopropyl-beta-D-thiogalactoside (IPTG) inducible expression of NOTCH3 short hairpin RNAs reduced NOTCH3 protein expression and attenuated migration of SH-EP2 cells ( Supplementary Fig. S5A and S5B) . We conclude that NOTCH3-IC induces an extremely strong migratory phenotype as well as changes in cell morphology reminiscent of a mesenchymal state.
NOTCH3-IC induces mesenchymal marker gene expression in neuroblastoma cells
We studied the NOTCH3 downstream pathway by microarray mRNA profiling of time series of both IMR32 clones with NOTCH3-IC overexpression (see Materials and Methods). Eight time-points from 0 to 120 hours postinduction were analyzed. At a cut-off level of 2 logfold more than 1 regulation, 447 genes were significantly upregulated and 61 genes downregulated (Supplementary Table S1 ). At a cut-off level of more than 2, there were 187 genes upregulated and only 2 genes downregulated (Supplementary Table S1 ). The target gene list included known NOTCH transcriptional targets from the HES and HEY families (Supplementary  Table S5 ).
GO analysis of regulated genes ( 2 logfold >1) revealed enriched categories (P < 0.001) of "tissue remodeling" (18 genes), "localization of cell" (64 genes), "cell adhesion" (52 genes), and "regulation of locomotion" (22 genes), confirming that NOTCH3 regulates a gene expression programme associated with cell migration. We conclude that NOTCH3-IC functions as a master switch in IMR32 that induces a large set of cell motility genes and confers a motile phenotype to the cells. To test whether this is also a function of NOTCH3 in neuroblastoma tumors, we analyzed the expression of the NOTCH3 target genes in the AMC-NB88 series. Differential gene expression analysis between high and low migration signature subgroups revealed that NOTCH3-IC target genes ( 2 logfold >2 regulation) were strongly enriched in the high migration subgroup (c 2 ; P < 0.001; (Fig. 6B) . These mesenchymal markers were upregulated in AMC-NB88 tumors expressing the high migration signature (Fig. 6C) . Similar findings were observed in 2 independent neuroblastoma tumor series (ref. 23 ; n ¼ 50; ref. 24 ; n ¼ 101; Supplementary Fig. S6 ). Thus, NOTCH3-IC induces morphologic features and a mesenchymal marker gene profile suggesting a mesenchymal-like reprogramming of IMR32 neuroblastoma cells.
A NOTCH3-IC signature is coordinately expressed in a wide range of tumor types
Although motility is a tightly controlled phenotype with a major impact on normal development and cancer and the Notch pathway is active in many tissues, we asked whether NOTCH3 governs a motility pathway in other tumor types as well. We analyzed the 447 genes that were induced by NOTCH3 in neuroblastoma cells for correlation with NOTCH3 expression in published series of other human tumor types. We investigated tumor series of colon (ref. 25 ; n ¼ 232), kidney (Expression Project for Oncology; expO; n ¼ 261), ovary (expO; n ¼ 256), and breast (expO; n ¼ 351). Each of the series included samples with substantial NOTCH3 expression. Strikingly, a large fraction of the 447 genes induced by NOTCH3-IC in vitro strongly correlated to NOTCH3 expression in all analyzed tumor types. In colon tumors, expression of 237 genes (53%) significantly correlated to NOTCH3 expression ( 2 log Pearson correlation; P < 0.01). Similar numbers were found in kidney cancer (249 genes, 55%), breast cancer (176 genes, 39%), and slightly lower numbers in ovarian cancer (121 genes, 27%). Visualization of NOTCH3-IC target genes by K-means cluster analysis revealed strongly coregulated patterns of expression ( Supplementary Fig. S7A-S7D ). This strongly suggests that a NOTCH3-regulated gene module controlling motility in neuroblastoma is active in a wide range of human tumor types.
Discussion
High-stage neuroblastoma is characterized by widespread metastasis to bone and bone marrow contributing to extremely poor outcome. However, the molecular master switches that control motility and invasion of neuroblastoma have remained largely unknown. We characterized the migration indices of a neuroblastoma cell line panel as a functional exponent of a mesenchymal phenotype. This yielded a 36-gene migration signature that correctly predicted cell migration in cell lines of various tumor backgrounds (Fig. 1) . Functional gene expression signatures obtained in cell line studies have previously allowed classification of human tumor series (26) . The 36-gene migration signature identified a group of neuroblastoma tumors characterized by an increased metastatic incidence and poor survival.
The metastatic potential of tumors has been associated with a mesenchymal phenotype. This was, for example, observed in gene expression profiles of glioblastoma series where the mesenchymal subtype corresponded with invasive tumors (6, 7) . We observed that this mesenchymal subtype of glioblastoma was also positive for the 36-gene motility signature identified in neuroblastoma. Accordingly, a mesenchymal signature established for glioblastoma identified the neuroblastoma tumors positive for the motility signature. These data suggest that a subset of neuroblastoma tumors has mesenchymal characteristics because they show an increased incidence of metastases and an upregulation of genes from the migration signature and a mesenchymal signature (MGES; Figs. 2 and 6 ). Bioinformatic analysis suggested that NOTCH signaling was associated with this mesenchymal subtype of neuroblastoma tumors. Induced expression of a NOTCH3-IC transgene in IMR32 neuroblastoma cells indeed conferred a series of mesenchymal hallmarks: strongly increased motility, lamellipodia-like outgrowths, and mesenchymal marker gene expression (Figs. 4-6) . Surprisingly, the NOTCH3 gene expression module identified in neuroblastoma was also recognized in a wide range of other tumor types. This implies that gene expression profiles can be deconstructed in modular functional groups when the "master gene" is known (Supplementary Fig. S7 ).
NOTCH signaling has been previously implicated in neuroblastoma. Overexpression of each of the NOTCH-IC paralogues inhibited neuroblastoma growth (27) . In our experiments, NOTCH3-IC induces cell motility (Fig.  5 ) as well as a transient attenuation of the cell cycle (data not shown). Thus, it might be that tumor aggressiveness can be achieved by increased motility but at the cost of a temporarily decrease in proliferation rate. Although we identify NOTCH3 as a master switch for cell motility, the detailed executioners of this phenotype remain to be investigated. As NOTCH3-IC induced a series of classical NOTCH target genes from HES and HEY families in IMR32 that also correlate with NOTCH3 expression in neuroblastoma tumors, we expect much of the here established NOTCH3-IC downstream signature as directly or indirectly regulated target genes responsible for cell migration. In agreement with an aggressive function of NOTCH signaling in neuroblastoma, high levels of NOTCH1 protein predicted a poor prognosis in neuroblastoma (28) . Inhibition of g-secretase activity, required for NOTCH activation, attenuated neuroblastoma cell growth in vitro (29) and in vivo (28) .
We conclude that our integrated approach of wet lab experimental data, human tumor series, and bioinformatic analysis identified a mesenchymal state in neuroblastoma tumors and implicate NOTCH3 as a master regulator of mesenchymal transformation and motility gene expression in neuroblastoma.
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